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The stability of reduced cerium oxide in ambient conditions is clearly demonstrated in this
paper. Well-defined, crystalline, cerium oxide nanodots (predominantly Ce*" or Ce** material
could be selectively prepared) were defined at silicon substrate surfaces by a method of block
copolymer templating. Here, selective addition of the cerium ion into one block via solvent
inclusion and subsequent UV/ozone processing resulted in the formation of well-separated,
size mono-dispersed, oxide nanodots having a hexagonal arrangement mimicking that of the
polymer nanopattern. The size of the dots could be varied in a facile manner by controlling
the metal ion content. Synthesis and processing conditions could be varied to create nanodots
which have a Ce>O3 type composition. The stability of the sesquioxide type structure under
processing (synthesis) conditions and calcination was explored. Surprisingly, the sesquioxide
type structure appears to be reasonably stable in ambient conditions with little evidence for
extensive oxidation until heating to temperatures above ambient. Room temperature
fluorescence is supposed to originate from a distribution of surface or defect states and
depends on preparation conditions.

Introduction

Ceria (Ce0O») i1s an important material with a large variety of applications in catalysts, fuel
cell technologies, chemical-mechanical polishing for microelectronics, various phosphors,
metallurgy and biomedicine.!'®) In many of these applications it is the redox stability!’”* and
the interconversion of Ce*" and Ce** that is a critical factor in defining cerium’s use.l!%! This
redox chemistry is, in part, related to the similar energy of the 4f and 5d electronic states and
a low potential energy barrier to electron exchange between them!'!! and in principle, the
different electron configurations possible can be determined by core and valence level
spectroscopies.''?! The redox chemistry is dynamic and may change in response to physical
parameters such as temperature, presence of other ions and the partial pressure of oxygen.!>-

41 Reduction of ceria occurs through the formation of anion (oxygen) vacancy defects



(OVD). In simple terms, the presence of anion vacancies in ceria (i.e. CeO2) are

electrostatically compensated for by the existence of ‘Ce**’

sites although the mechanism is
best described in terms of a small polaron.l'3! In the Ce,Os structure, the fluorite structure of
ceria is modified (cubic bixbyite structure) by an ordered arrangement of the OVDs.['*17] The
importance of this redox reaction in many of ceria’s applications has resulted in numerous
investigations of the defect science including x-ray photoelectron spectroscopy (XPS), x-ray
diffraction (XRD), electron paramagnetic resonance (EPR), scanning tunnelling microscopy
(STM), Raman and neutron scattering.

Whilst much is known about ceria, little is known about the sesquioxide since it is very
difficult to form via reduction and rapidly oxidizes to ceria on exposure to air. Critically,
several authors have claimed that small Ce;O3 particles or anion vacancy containing materials
can exhibit ambient stability although in many cases this is probably due to the aqueous
preparative chemistry used.['®! This, however is an important point because of the
implications to ceria's important applications. Definitive proof of this enhanced stability of
reduced states at small dimensions is limited because of material variations, preparation
dependence and sensitivity to characterisation techniques.['®!

A significant problem in studying this system has been synthesis of the particles used to
study size effects. Ideally these particles should be chemically stable, uniform in size, well-
dispersed and chemically/structurally controlled. Whilst it is possible to ‘engineer’ ideal
structures via lithographic methods, the size range needed in these studies is at the limits of

[19-20

techniques such as e-beam, UV lithography and other methods. I A promising alternative

is to utilise strictly controlled, bottom-up, self-assembly techniques such as block copolymer
(BCP) microphase separation. Here, well-ordered arrangements of nanodomains of the
polymer components of the BCPs can be used as an etch mask or as a nanotemplate in a

[21-22

deposition process. I The nanopatterned ceria nanodot materials described here were



prepared by a new methodology of selective block solvent inclusion that has been described

by us elsewhere.[?3-2

This technique can produce well-defined arrays of nanodots at
substrates with sizes below 30 nm.

In this article, we demonstrate this method in the fabrication of an ordered pattern of
cerium oxide nanoparticles on silicon wafer. It was found that the methodology could be
tuned to create trivalent and tetravalent ceria structures directly without any subsequent
reduction. The methodology affords an advantage over particle based studies because it
avoids preparation variables and the nanostructures are considerably better defined in terms
of composition, structure and size mono-dispersion. The data strongly suggest that cerium
sesquioxide nanostructures can be created that are thermally and environmentally quite robust
and contributes to the on-going debate about the defect chemistry of ceria in nanoparticulate
form.

Experimental

A PS-b-PEO diblock copolymer was purchased from Polymer Source and used without
further purification (number-average molecular weight, M,, PS = 42 kg mol!, M,, PEO =
11.5 kg mol™!, Mw/M, = 1.07, My: weight-average molecular weight). Substrates used were
reclaimed 8” silicon (100) wafers with a native oxide layer. These were cleaned by
ultrasonication in acetone and toluene for 30 min each and dried under a nitrogen stream. A
PS-b-PEO 0.9 wt% toluene solution was aged at room temperature for 12 h and a thin film
was fabricated by spin coating the polymer solution onto a silicon substrate at 3000 rpm for
30 s. The film was solvent annealed in a toluene/water (50:50, v/v) mixed vapour at 50 °C for
1 h to induce mobility and allow microphase separation to occur as described in detail
elsewhere.>?* The resultant phase separated film was immersed in ethanol at 40°C for 15h.
For the fabrication of cerium oxide nanodots, cerium (III) chloride heptahydrate in ethanol

was used. Different concentrations of cerium salt ethanol solution were used and these were



spin coated onto the BCP film. After drying, UV/Ozone treatment (see supporting
information) was used in order to oxidize the precursor as well as to remove polymer
residues. The oxidation state of the product cerium oxide was studied as a function of the UV
ozone treatment time and the temperature of a subsequent anneal. For the removal of excess
carbon without inducing oxidation, samples were annealed at 550° C for 10h under Ar/H»
atmosphere. A horizontal quartz tube furnace was used and the sample was placed in a quartz
boat inside the tube. The gas was flowed over the samples for 30 min before annealing
commenced. Post-anneal sample was cooled in the gases before removal to ambient.

Surface morphologies were imaged by scanning probe microscopy (SPM, Park systems,
XE-100) in tapping mode and scanning electron microscopy (SEM, FEI Company, FEG
Quanta 6700). The film thicknesses were measured by optical ellipsometer (Woolam
M2000). The crystalline nature and defects were revealed by transmission electron
microscopy (TEM, JEOL 2100). X-Ray photoelectron spectroscopy (XPS) experiments were
conducted on a Thermo K-alpha machine with an Al K, x-ray source. All binding energies
were referenced to an adventitious C 1s signal at 285.0 eV. Spectra were background
subtracted using a Shirley background and the intensity envelope has been fitted with Voigt
functions by tuning the binding energy, peak height and full-width half maximum value.
Fourier transform infrared spectroscopy (FTIR) absorption spectra were recorded on an
infrared spectrometer in ATR mode (IR 660, Varian). The photoluminescence measurements
were carried out at room temperature with a fluorescence spectrophotometer (Perkin-Elmer
LS 50 B).

Results and discussion
A microphase separated PS-PEO thin film prepared as detailed above by solvent annealing
has a hexagonal arrangement of vertically oriented PEO cylinders in a PS matrix as described

23-24

previously.[*?Y1 The measured average centre-to-centre cylinder spacing is 42 nm with a



PEO cylinder diameter is 19.3 nm. In order to include the metal ion in the PEO cylinders the
substrate has to be ‘activated’ by immersion in ethanol. The activation energy involves
changes in the PEO structure and is described in detail elsewhere.>2*1 Cerium oxide
nanodots with the same hexagonal ordering as the BCP nanopattern were formed by simple
solvent inclusion followed by a UV/ozone treatment. A well-defined cerium oxide nanodot
pattern is formed after around 13 min as revealed by AFM. However, XPS data suggest that
longer UV/ozone exposures are required for complete removal of the residual polymer and its
degradation products (see below). Fig. la and 1b shows the AFM and SEM images well-
ordered cerium oxide nanodots formed after UV/ozone treatment of 3h. From both the AFM
and SEM images, the measured average nanodot centre-to-centre distance is 42 nm and the
FFT pattern shown in the inset of Fig. 1a confirms the hexagonal ordering of the nanodots.
These data are very similar to values recorded form the original BCP nanopatterns and
confirm that the ceria patterns have been ‘templated’ via selected inclusion into the PEO
cylinders of the microphase separated polymer film. With a 1 wt% cerium chloride solution
the average diameter of the nanodots is 25 nm (Fig. 1a and b). The average nanodot height
measured by ellipsometry is 10 nm. The nanodots formed are well-adhered to the substrate
and thermally robust. Typical data is presented in the inset of Fig. 1b which shows the
ordered arrangement of cerium oxide nanodots is maintained after air calcination at 1000 °C
for 1 h. The only effect of heating was a reduction in the average diameter to 22 nm and
height to 8 nm of the nanodots consistent with high temperature densification. The structures
formed following calcination of the films formed after extended UV/ozone treatment (i.e. >
13 min) were experimentally identical to calcined films formed from a 13 min UV/ozone
treatment suggesting that a 13 min UV/ozone treatment followed by calcination can be
pursued for complete removal of the residual polymer as an alternative to UV/ozone

treatment. Shorter UV/ozone treatments were not effective.



XPS spectroscopy was used to study the composition and oxidation state of the samples as
the difference between Ce™ and Ce™ can be ascertained from the Ce 3d photoelectron peak
XPS shape. An XPS survey spectrum of cerium oxide nanodots after a 13 minute UV/ozone
treatment confirms the presence of Si, O, C and Ce. Subtracting the Si signal, the atomic
concentrations of Ce, C and O were calculated and displayed in Table I for a range of sample
treatments. Note, that no chlorine was observed in any data suggesting it is not contained in
the final products. There is a significant carbon content following the 13 minute UV/ozone
treatment and clearly originates from the residual polymer (and its’ degradation products)
present on the substrate. However, extended UV/ozone treatment results in reduction of the
Cls peak intensity until it reaches the equivalent of about 4-6 atomic% which is typical of
adventitious carbon arising from atmospheric exposure. A reduction in Cls peak intensity can
also be achieved by calcination in ambient. However, a calcination to 800° C is required for
removal of the carbon materials to a similar (Table I).

The Ce 3d photoelectron spectra of cerium compounds can be used to identify cerium
valence states but are well known to be complicated because of final state effects on the
hybridization of the Ce 4f orbitals with O 2p orbitals and fractional occupancy of the valence
4f orbitals.[?>2¢] These effects, which essentially allow electron transfer from O 2p to Ce 4f
orbitals during photoemission, ensure that the Ce 3ds» photoelectron spectrum is complex
and composed of three principle features (for each spin-orbit doublet) in the case of CeO, and
two for Ce>03.1*”) In this way, a mixed valence sample can contain ten peaks altogether for

(28] Fig. 2a shows a typical Ce 3d

overlapping Ce 3ds, and Ce 3ds» spin-orbit bands.
photoelectron spectrum exhibiting features due to trivalent and tetravalent cerium states
(here, the of oxide nanodots were treated with UV/Ozone for 3 h). These features are labelled

according to the original work of Burroughs et al.l*”) U, U”, U” and V, V/, V" refer to 3d3»

and 3ds,» respectively and are characteristic of Ce (IV) 3d final states; while Uo, U’ and Vo, V/



refer to 3d3» and 3ds» respectively and are indicative of Ce(IIl) 3d final states. The high
binding energy doublet V//U" at 898.2 eV and 916.4 eV are assigned to a Ce(IV) final state
of 3d°4f° O 2p°. Doublets V//U” at 888.4 eV and 907.6 eV were attributed to the
hybridization state of Ce(IV) 3d°4f' O 2p°, and doublets V/U at 882.3 eV and 901.1 eV
correspond to the state of Ce(IV) 3d°4f> O 2p*. Doublets V//U’ and V¢/Uy are due to a mixture
of Ce(III) 3d°4f> O 2p* and Ce(III) 3d°4f' O 2p° configurations at 886 eV, 904.6eV and 880.3
eV, 899.2 eV respectively. Curve fitting of the spectra from the samples, thus, allows
determination of the atomic% of Ce(Ill) present and this is shown in Table I for all the

samples. The concentration of Ce*" was calculated using the equation:

[C63+] — Aun+.4“.'+ Ahn+‘4n" (1)
Appt At d et dptdptAntdpnta,+ Au” + A e

where, A; is the integrated area of peak 1i.

Somewhat surprisingly, the analysis of the spectrum obtained for the cerium oxide nanodots
treated with UV/Ozone for 13 minutes shows only doublets V//U’ and Vo/Uy corresponding to
the Ce*? state (Fig. 2b(I)). This suggests that the product of reaction is Ce2O3 within the limit
of sensitivity of the XPS technique. However, as seen above, the sample has high residual
polymer content and it is unclear if the cerium is present as a pure oxide or a carbon
containing phase. The O:Ce atomic ratio of 1.5:1 shown in Table I for this sample suggests
that the oxide is essentially Ce;Os; and the carbon is largely polymer derived and not
associated with cerium compound (e.g. Cez(COs3)2) formation. In order to affect carbon
removal without extensive oxidation induced by air calcination or extended ozone treatment
(see below) and, thus, produce a sesquioxide phase for comparison and investigation
purposes, the sample was annealed in Ar/H, atmosphere at 550°C. The Ce 3d spectrum
shown in Fig. 2b(Il) confirms the formation of Ce20s. Subsequent quantification (Table I) in
the inset of figure shows complete removal of residual polymers or carbonaceous products

presumably via hydrogenation to methane and other light hydrocarbons.*”) The close



similarity of the Ce3d photoelectron peak shape for the UV/ozone treated sample before and
after hydrogen treatment (Fig. 2b) confirm the formation of Ce>O; in both cases. The
measured O:Ce atomic ratio confirm this assignment. These data suggest that the initial
product of the UV/ozone treatment is Ce2Os.

Fig. 3a shows an O 1s spectrum (UV/ozone for 3h) which was typical of all samples. The
peaks are asymmetric and can be fitted with two Voigt functions. The major component at a
binding energy 529.4 eV can be readily assigned to the lattice oxygen from the Ce-O bond
but the origin of the second component at about 531.6 eV is less clear as discussed by
Fleming et al recently.*!l It can derive from adsorbed carbonate or hydroxyl species and may
even be associated with defect states. In the current work, we found little correspondence
between the contribution of this peak to the total Ols peak area (around 20 - 25%) and the
reduced state of the oxide and assume it is largely derived from adventitious adsorption.

As mentioned above, extended UV/ozone treatment times result in partial oxidation of the
initial Ce*® material to a Ce™ oxide product as revealed by XPS. The Ce 3d spectra obtained
for the cerium oxide nanodots after UV/Ozone treatments of 30 min, 1h, 2h, 3h, 4h and Sh
are shown in Fig. 2c¢ and quantified in Table I. These data show that even the longest
treatment times (3-4 hours) do not result in complete oxidation and a mixed valence is
observed for the samples. The data show the development of the Ce(IV) concentration in the
sample and is most obvious in the growth of the feature at 920 eV. Ce** was the dominant
cerium ion observed following a 30 min UV/ozone treatment and 6% of cations are found to
be in the +3 state even after a 4 h treatment. To obtain a materials of essentially pure phase
ceria (CeOz) required about 5 h of UV/ozone treatment. These data do indicate unexpected
resistance of the Ce(IIl) containing oxide nanodots to oxidation by even reactive species such
as ozone. Fig. 2e shows the variation of the Ce™ concentration in the nanodots with the

UV/Ozone time. The measured Ce* concentration varies almost linearly with time. The time



taken to affect oxidation is very slow compared to previous measurements in ambient
conditions on films and powders where high reaction rates were observed.*!~*2! It might be
argued that the slow reaction rates might be related to diffusion limitations but on such small
samples this would seem unlikely and further, the linear dependence seen in Fig. 2e is
consistent with an exposure limited process. These data therefore suggest that the dots are
stable in ambient conditions and that the Ce2O3 in these nanodimensioned entities is much
more stable than might be predicted from comparison to other material forms.

The stability of the nanodots can also be seen in analysis of the ambient oxidation which
could also be used to convert the Ce2O3 to CeO,. Fig. 2d shows the Ce 3d spectra of the
samples following 13 minutes of UV/Ozone calcined at different temperatures between
200°C and 800°C. The Ce 3d data are indicative of mixed Ce(IIl) and Ce(IV) valence until
the highest calcination temperature when the spectral envelope is reminiscent of a fully
oxidised ceria material.*!! The data quantification is reported in Table I and confirms (within
the level of experimental error) complete oxidation to ceria after 800°C calcination. It should
be noted that Ce3d data recorded from the hydrogen treated sample following thermal
oxidation and ozone oxidation are similar to that observed from the UV/ozone 13 min only
samples and data are not reproduced for clarity. However, the similarity of the data does
suggest that the product of the initial UV/ozone treatment is essentially oxide rather than a
carbon containing material.

Fig. 2f shows the variation of Ce™ concentrations with the annealing temperature. It
demonstrates that the Ce* concentration decreases with the calcination temperature. Note
particularly, that a 200°C calcination brings about only limited oxidation and a sample treated
at 400°C retains a significant Ce** component. The initial samples were stable for extended
periods of weeks in ambient and together with the shape of the curve in Fig. 2f (see

supporting information), the data strongly suggests that thermal oxidation from the trivalent



to tetravalent oxide is thermally activated and again confirm the analysis above that the
nanodots have very enhanced stability compared to what might be expected of bulk
samples.['®]

It should also be noted that these data are subject to error. Since the density of nanodots on
the substrate can be estimated at about 4.2 x 10'° nanodots cm™ it is clear that the data
represent an average of a great many nanodots. Further, XPS is surface sensitive and although
the dots are small, data will not refer to the total volume of the nanodot but rather a surface
layer but with an inelastic mean free path of 1-2 nm, this will be a significant portion of the
total dot volume. Major quantification errors arise from the curve fitting used to calculate the
(3d) spectral contributions from Ce*" and Ce*" states. It is suggested that this is reasonably
accurate as agreement is good between the stoichiometry obtained by the calculated Ce,Os
content and that estimated from the O:Ce atomic ratio as given by the Ols:Ce3d
photoelectron peak area ratio. These are explicitly compared in table I and in generally good
agreement. Indeed, the level of agreement suggests that oxide material is predominantly
formed and there is little evidence for large amounts of carbonate or hydroxide being present
(since O:Ce ratio would be significantly greater). This is supported by Ols shape and position
and the carbon content of the oxidised materials. However, it should be stressed that because
of the errors, when a material is described as Ce203 or CeOz, this does not apply that they are
non-defective only that they are close to being stoichiometric.

FTIR studies also provide additional information. A typical FTIR spectrum of the sample
treated with UV/Ozone for 3h recorded in ambient is shown in Fig. 3b. All nanodot samples
showed very similar data. A just observable broad band is observed between 3200-3600 cm™!
and corresponds to the stretching mode of hydroxyl and hydroxyl containing species. The
weak intensity is consistent with adsorbed species and is consistent with the Ols

photoelectron spectra. No carbonate group was observed by FTIR consistent with the low



Cls intensity reported above. The peak at 1078 cm’!

can be assigned to transverse optical
phonon mode in -Si-O-Si-.1*3l. FTIR spectra also exhibits a strong band centred at 706 cm! is
due to the envelope of the phonon band of the Ce-O-Ce network.** In this way, the FTIR
data support the suggestion that the nanodots exist as largely pure oxide after their formation
in UV/ozone.

The crystalline structure of the nanodots and their interfaces with the substrate were
analysed using TEM and TEM cross-sections. Such analysis is important because of the
cerium oxide property dependence on crystal plane.[*>3¢) TEM imaging of a 1 wt% solution
derived sample following calcination at 800°C (CeOz) is shown in Fig. 5a. The average
diameter of the nanodots is 22 nm and height is 8 nm. The diameter of the nanodots is
slightly reduced to that measured from the uncalcined sample (25 nm) and is most probably
related to sintering. That difference is so small again supports the fact that the nanodots are
essentially cerium oxide rather than a complex carbon containing species. The high resolution
TEM (HRTEM) image of one of the nanodots (Fig. 5b) shows the nanodot-substrate
interface. The nanodots are supported on a 1.7 nm thick amorphous native oxide at the silicon
substrate surface. Parallel lattice fringes can be seen across the entire nanodot indicate that
the nanodot is single crystal in nature and this was typical of the dots examined. In all cases
the fringes seen were in the same direction indicating all the nanodots have the same
crystallographic orientation. Unfortunately the quality of the lattice fringes from the cross-
section samples was not sufficient to allow crystal structure determination.

To investigate the crystal structure and phases, nanodots on a Si substrate were scratched
off by a sharp edge blade and dispersed into ethanol and then added dropwise onto a TEM
grid. Fig. 5S¢ shows the HRTEM image of a Ce>O3 nanodots produced by UV/ozone exposure
for 13 minutes and subsequent annealing at 550° C under Ar/H, atmosphere. In comparison

to the CeO2 nanodots, described above, the sesquioxide materials are highly defective. As



well as having a polycrystalline structure, there are regions where the lattice fringes extend in
slightly different directions due to defect formation.’”! Also in the micrograph there are
regions of higher densities of discontinuities that can be observed and these are typical of
dislocations and stacking faults consistent with the polycrystalline appearance of the
nanodots. The micrographs also have dark spots and elongated dark spots which have been
previously assigned to point and linear aggregations of anion vacancies in ceria.*®! This
suggests that there are regions of these disordered nanodots that have a fluorite-type structure
where anion vacancies are distributed in a disordered fashion. A FFT (Fast Fourier
Transform) pattern obtained from the nanodot confirms the rather disordered crystalline
structure present as the points observed are diffuse and low intensity. The features are
labelled in the inset of Fig. 5c corresponds to hexagonal arrangement. However, as both the
cubic byxbyite (111) plane and Ce;O3 (001) crystal planes have the hexagonal structure and
their lattice constants are very close, ap = 0.382 nm and 0.388 nm respectively!!), it is not
possible to determine the crystal structure categorically.

Fig. 5d shows the HRTEM image of a single nanodot for the sample UV/Ozone treated for
3h and which contains a majority of CeO». A few locations of stacking faults and defects can
be seen by the discontinuity of lattice fringes or by the lack of contrast across the nanodot
(marked in Fig. 5d). This suggests that the anion vacancies present (by necessity as the XPS
analysis shows the presence of significant Ce®") are not arranged into an ordered
superstructure within a ceria fluorite lattice structure. The indexing of the FFT pattern (inset
of Fig. 5d) confirms cubic structured CeO> phase.*”’ An HRTEM image of the sample
annealed at 800°C (CeO.) is shown in Fig. Se and the pseudo spherical shape of the nanodot
can be clearly seen. The nanodot crystal structure is much more ordered, presumably as a
result of the high temperature calcination and the sintering that occurs, and lattice planes

extend across the whole sample. Similar data were recorded for all of the nanodots imaged.



The lattice planes observed are straight, parallel with no obvious discontinuities suggesting
low defect concentrations. The measured interplanar spacing of 0.31 nm corresponds to the
(111) reflection plane of crystalline cubic ceria.**! The corresponding FFT pattern (inset of
Figure Se) is also in good agreement with the cubic structured ceria. The spots corresponding
to interplanar distances of 0.31, 0.19, 0.16 and 0.27 nm are in good agreement with the
(111), (220), (311), (200) lattice planes (respectively) of the ceria cubic fluorite structure.
Fluorescence spectra of all the samples were measured with different excitation
wavelengths between 300 and 450 nm. While the fluorescence intensity changes to some
extent but the band position and nature remains almost same for all excitation wavelengths
between 360 and 390 nm. This indicates that the fluorescence involves the same initial and
final states within this range of excitation wavelengths. This result can be explained by fast
relaxation from the final state reached by photo excitation to those states from which the
fluorescence originates. Comparison of fluorescence intensities provide support for the
assignment of cerium oxidation states made above. Ceria is expected to have a low
fluorescence intensity since the 4 eV band gap is indirect and consequently there is a low
probability that radiative recombination will occur when absorption takes place.l*”) In
contrast, Ce,Os is a semiconductor with a band gap 2.40 eV.[*!l Relaxation and fluorescence
yield, is increased by the possibility of 5d-4f transitions possible for Ce™ ions. Thus, it is
expected that as ceria is reduced to the sesquioxide, the band gap will reduce and
fluorescence intensity will increase. Figs. 6a and b shows the fluorescence spectra of the
UV/ozone treated and calcined samples respectively. The samples were excited with 375 nm
light as this results in excitation of valence band electrons to the Ce*" defect states within the
ceria bandgap!*’! and so the fluorescence intensity (wavelength maximum around 560 nm) is
a direct measure of the Ce®" content of the sample. The broad peak width indicates that

[42

fluorescence originates from a distribution of surface or defect states.[*?! The intensity of the



band is observed to decrease with both the UV/ozone treatment time and the annealing
temperature and is fully consistent with the oxidation of Ce®" to Ce*". As might be expected
from the XPS data, the high temperature calcination is most effective (compared to the
extended UV/ozone treatment) in bringing about complete oxidation of the sample.

Finally, it is worth noting that the nanodot preparation technique allows control of nanodot
dimension. The diameter and height of the nanodots can be varied by changing the polymer
molecular weight and composition. However, a more facile approach is to vary the
concentration of precursor solution which changes the size of the nanodots without changing
their spacing or structural arrangement. This is illustrated in Figs. 4a, b and ¢, where well-
ordered cerium oxide nanodot arrays can be seen. The average diameters 20, 25 and 30 nm
generated from 0.5, 1 and 1.5 wt% precursor solutions. It can also be estimated from the SEM
images that the height of the nanodots is increasing with higher precursor concentration. It
should be noted that at cerium ion solution concentrations exceeding 2% result in the
deposition of poorly defined, localised and agglomerated 3D nanoparticle structures across
the substrate surface and it is clear that this concentration exceeds the amount of cation that
can be inserted into the PEO cylinder.

The structural (TEM) and spectroscopic (XPS, FTIR, fluorescence) data presented here are
consistent and significant in showing that ambient stable Ce>Os-type materials can be formed
at nanodimensions. Previous work by us has shown that oxidation of reduced cerium oxides
is rapid in films®? and powders!**! and occurs at low pressures (< 10 mbar) and exposures
and most certainly do not survive ambient exposure with a measurable reduced component.
The reason for the enhanced stability of the nanodots in reduced form could be due to several
reasons but convincing arguments have been made related to the structural geometry and

[44

electrostatic interactions between ions.*¥ Migani et al. have carried out theoretical work

showing that a minimum in the anion vacancy formation energy (and hence increased



lifetime) exists at a small particle size. This minimum is explained by structural
considerations at very small particle sizes (where lattice deformation exists because of
surface tension or relaxation effects originating from repulsion of vacant orbital’s at the
surface*) ensure high vacancy formation energies, but this reduces at increasing size before
increasing again as the surface moves towards the structure and electrostatics of an extended
2D surface. Inerbaev et al. have reported a similar reduction in defect formation energy also
using theoretical methods.[*®! Whilst theory might predict low defect formation energies in
cerium oxide nanostructures and, therefore, suggest an equilibrium density of anion vacancy
defects is present in nanoparticles, the number of these defects will be dependent on the
oxygen pressure and the efficiency of the oxidation process.

Experimental data for ambient stable reduced nanoparticles is available but evidence is, as
yet, not definitive and the work has been well reviewed recently.!'® 4" Briefly, the concept of
producing anion vacancies through thermal treatments and their stability in oxidizing
atmospheres has been shown for small crystallites of cubic shape.®! Further, Tsunekawa and
co-workers have led the work showing that as particle dimension reduces, there is an
increased amount of anion vacancies.[*8 Ivanov et al.'*”! and Wu et al.'**! have suggested that
there is a critical size of particle (or crystallite) where they will essentially be CeyOs.
However, all of these studies are subject to considerable reservations. Firstly, many of the
investigative techniques can not differentiate between anion vacancy defects and the
formation of Ce** states associated with e.g. hydroxyl or carbonate chemistries.!'8] These
states are difficult to avoid in most of the powder/colloid preparation routes used. Further, the
preparation challenges limit the size monodispersity achievable and small particle
aggregation is always prevalent. In this way, a complex ‘composite’ is normally studied and
differences in structural and topographical defect densities (which have a profound effect on

vacancy formation energies!*!) caused by preparation and process variables can further



complicate a proper assessment. Another well discussed problem is the sensitivity of ceria to
reduction by electron and x-ray probes®! and when critical dimensions as low as ~1 nm (or
two lattice parameters) are being discussed, the propensity to effect complete e.g. x-ray
reduction during study is quite high.

It is clear from this work that the methodology used can produce nanodots that are
essentially Ce»Os in nature and that these are stable in ambient conditions unless oxidized by
ozone or via calcination. Their size, around 20 nm is considerably greater than might be
expected from nanoparticles were sizes less than 10 nm are needed to see significant densities
of ‘reduced’ components*® and certainly, much greater than the size reported (1 — 3 nm)
where complete reduction might be expected.[*”> *°1 Whilst, the preparative method used here
avoids the problems associated with simple aqueous precipitation routes, it is suggested it has
a very strong effect.

A proposed schematic of the preparation is shown in Scheme 1. The UV/ozone treatment
begins to oxidize polymer and the included metal cations are immediately oxidized to oxide.
It might be expected that PEO is more reactive to the treatment and decomposition is rapid
leading to the formation of the oxide nanodots. During nanodot formation the products of the
UV/ozone are various gaseous products (and their radicals) such as Ho, CO, CO,, CH4 and

(3111t is the reducing nature of the products that maintain

H>O as well as carbonaceous residue.
the tri-valent state. Longer UV/ozone treatments lead to removal of the PS component. 1t is
thought that the 13 min treatment used here consists of the nanodots with a surface
carbonaceous layer. On further exposure, this carbonaceous layer is removed but the reducing
gases formed during polymer removal decrease so that oxidation of the sesquioxide type

material can occur:

Ce2053 + 0.50; <> 2Ce0> )



Here the direct oxidation by O is ignored as this does not appear to occur via air exposure.
Reaction (2) must be reasonably slow since much extended periods of treatment are required
to bring about complete oxidation to CeOs.

The nanodots prepared by this block copolymer inclusion technique are well adhered to the
substrate, easy conversion efficiencies and uni-axial crystallographic orientation. The utility
of these nanodots can be realized by means of their thermal stability since particle
aggregation is common. The properties obtained from an ensemble of particles with
controlled surface terminations is also highly desirable for fundamental surface science study
which facilitates to understand the catalytic behaviour and further designing of better
catalysts. The ambient stability of the nanodots so formed also needs to be addressed. It is
clear that thermal activation is required to affect oxidation in ambient conditions. One of the
models that has evolved for explaining results from nanocrystallites of cerium oxide, is that
the core of a particle is CeO, whilst the surface layer is Ce,Os like.’?! The results presented
here, that surface Ce2O3 acts as a passivating layer preventing further oxidation of the interior
and that activation is needed to allow oxygen species to migrate from the surface to the bulk
to allow oxidation. This model implies that anion vacancies are intrinsically stable at the
surface of the nanodots. It is suggested that these data provide strong and arguably the best
evidence for the stability of defects at substrate and other supported ceria surfaces. The data
suggest that reduced Ce®" states may have enhanced stability compared to what might be
expected.

These results may have considerable importance in terms of their application and possible
use. The stability of the their low oxidation states, ease of reaction an mechanical/thermal
robustness in this regular, nanopatterned, nanodot form (as compared to conventional
supported catalysts) suggests they may be used in applications which require high surface

activity at substrate surfaces such as antimicrobial surfaces, air pollution mitigation, sensors



and even biological assay where the ceria can be functionalised for targeted adhesion. The
materials have a unique combination of ceria’s well-known redox properties and a well-
defined patterned surface and this combination can enhance function through allowing access
to different sites. It is clear that similar materials have been prepared before. However, the
feature and pitch size is small and the preparation method can produce lithographic type
structures through a very low cost method. The methodology could be introduced at relatively
low capital costs and may afford significant manufacturing advantage in some of these
applications.

Conclusions

The thermal and oxidative stability of Ce>Ozs-like nanodots in ambient conditions has been
demonstrated. A well ordered array of cerium oxide nanodots on substrate surface was
prepared via a simple and cost effective route. The nanodots have uniform size and shape and
their placement mimics the original self-assembled block copolymer pattern. The Size of the
nanodots can be easily tuned by changing the concentration of the precursor solutions. The
crystalline nature, phases and purity of the nanodots are confirmed by XPS, FTIR and TEM
analysis. A mechanism has been proposed that suggests that the stable sesquioxide type
materials are produced in reducing conditions prevailing because of the reaction of the block
copolymer materials used to template nanodot formation. Room temperature fluorescence is
supposed to originate from a distribution of surface or defect states and depends on
preparation conditions. We would also suggest that the thermal stability and strong adherence
to the substrate surface may make them useful for practical applications.
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Table-I: XPS derived chemical compositions (atomic%)

Sample Ce" (%) Ce (%) O (%) C(%)
UV/Ozone 13 minutes 100 12 18 70
UV/Ozone 13 minutes+ | 100 38 58 4
hydrogen annealing

UV/Ozone 30 minutes 87 18 28 54
UV/Ozone 1h 72 34 28 38
UV/Ozone 2h 44 30 53 17
UV/Ozone 3h 21 34 61 5
UV/Ozone 4h 6 33 63 4
UV/Ozone 5h 0 32 64 4
UV/Ozone 13 minutes + | 79 17 27 56
200°C

UV/Ozone 13 minutes + | 16 24 44 32
400°C

UV/Ozone 13 minutes + | 7 31 61 8
600°C

UV/Ozone 13 minutes + | 0 32 64 4
800°C




Figure Captions:

Fig. 1 (a) AFM and (b) SEM images of well-ordered cerium oxide nanodots formed after
UV/ozone treatment for 3h. Insets of (a) FFT pattern reveals hexagonal ordering of the
nanodots and (b) arranged nanodots after air calcination at 1000 °C for 1 h.

Fig. 2 Ce 3d spectrum of the cerium oxide nanodots treated with (a) UV/Ozone for 3h, (b)(I)
UV/Ozone for 13 minutes and (II) further annealed in Ar/H» atmosphere at 550°C, (c)
UV/Ozone for different time, (d) UV/Ozone for 13 minutes and further annealed at different
temperature. Inset of (b)(II) shows the survey spectrum of the corresponding sample.
Variation of measured Ce** concentrations with (e) UV/Ozone time and (f) annealing
temperature.

Fig. 3 (a) O 1s spectrum of cerium oxide nanodots treated with UV/Ozone for 3h. (b) FTIR
spectrum of cerium oxide nanodots.

Fig. 4 Cerium oxide nanodots for different concentrations of precursor solutions (a) 0.5, (b) 1
and (c) 1.5 wt%.

Fig. 5 FIB thinned cross sectional (a) TEM image of cerium oxide nannodots annealed at
800°C and (b) HRTEM image of corresponding nanodot on silicon substrate. HRTEM
images of (c) Ce>O3 nanodots annealed at 550° C under Ar/H, atmosphere (d) Cerium oxide
nanodot after UV/Ozone for 3h and (e) ceria nannodots annealed at 800°C. Inset of (e)
reveals corresponding lattice spacing of a single nanodot. Insets of (c¢), (d) and (e) shows
corresponding FFT patterns.

Fig. 6 Photoluminescence spectra of cerium oxide nanodots for different (a) UV/Ozone time
and (b) annealing temperatures.

Scheme 1 (A) PS-PEO thin film on substrate, (B) Cerium ion inclusion after spin coating, (C)
UV/Ozone treatment for shorter time and (D) UV/Ozone treatment for longer time or after

annealing.
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Supporting Information

Details of UV/Ozone treatment: In the UV/Ozone treatment, ozone, an active oxidizing
agent, is generated in situ from atmospheric oxygen by exposure to 185 nm UV light. The
ozone produced subsequently photo dissociates into molecular oxygen and atomic oxygen
upon exposure to 254 nm light. The latter specie reacts with the polymer to form free radicals
and activated species that eventually remove organic portions of the polymer in the form of
carbon dioxide, water, and a small amount of volatile organic compounds.

Stability of the samples calcined at lower temperatures in ambient:

It is observed that the Ce™ concentration decreases with the calcination temperature.
Calcination at 200°C causes limited oxidation and also calcinations at 400°C retains a
significant Ce** component. It was also observed that the samples were stable for extended
periods of weeks in ambient. Fig. la and b shows the high resolution Ce 3d and
photoluminescence spectra of the samples calcined at 200°C and 400°C and further sustained
for 30 days in ambient. The spectra strongly suggest that the samples were reasonably stable
at ambient atmosphere.

Fig.1: (a) XPS Ce 3d and (b) photoluminescence spectra of the samples calcined at 200°C and

400°C and further sustained for 30 days in ambient.
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